asked to predict what will happen to biodiversity in the face of these changes. But there are few simple and general models for biodiversity (Balian et al., 2008) comparable with those for climate and atmospheric chemistry. Living systems embody the complexities of physical systems whilst adding further, much more variable, layers of their own. In this paper we ask how whole freshwater ecosystems might change, in Europe, in response to changes in the greenhouse gas composition of the atmosphere. Our approach has been to examine the issues as a professional group, using expert judgment based on existing experience and information. The discussions were conducted in a three-day workshop in Bristol, UK in July 2007, under the auspices of the EU EUROLIMPACS programme. Our target readership is not our fellow scientists, although we have referenced the paper thoroughly in conformity with our conventions; it is the non-scientists involved in government and policy-making. Increasingly they come from an education and experience that has had less immersion in natural systems (Louv, 2008) than is desirable when the world's major problems are those of its natural environment. To such problems, the more commonly emphasised economic and social problems are subsidiary and derivative. An equable state of the biosphere is the sine qua non, without exception, of everything else.
The meaning of biodiversity
For a policy maker, a sophisticated understanding of biodiversity is desirable and thus we discuss some of the important issues about the meaning and measurement of change on it. To the lay person, biodiversity is an easy concept. It is the number of species of animals, usually meaning charismatic vertebrates, and higher plants. To be but not necessarily most important. An ecologist will point out that there is also a plethora of bacterial and microbial diversity (Torsvik et al., 2002; Weisse, 2006) , which is at least as crucial, and probably more so, to the functioning of the planet's chemical cycles; that a species comprises much additional necessary genetic diversity within its apparent uniformity; that there is an important element of relative communities; and that there are concepts of local diversity (for example, in a particular river), habitat diversity (for example, among rivers) and regional diversity (collective over large areas or distinctive tracts of terrain). These are respectively also called alpha, beta and gamma diversity of predicting future regional biodiversity than local biodiversity. The undisturbed communities of individual lakes or rivers certainly have some order in their local biodiversity, but they have a great deal of unexplained variation too. The order comes from the limited number ability, competition, biotic interactions such as grazing or predation, and physical disturbance. The unpredictability comes from random population oscillations that may make a species locally extinct purely by chance, and from the If we take a series of communities in a similar category, the invertebrates of small upland streams, and use sophisticated statistical methods that correlate environmental conditions with the species present, relationships will emerge, but typically lower than 20 % of number of environmental conditions are measured. Any single factor, nutrients for instance, will account for only a few per cent of the variation, and temperature even less. The richness of undisturbed biological communities will come as a surprise to many policy makers, especially if they are more familiar with agriculture and forestry.
In a small European mountain brook in central Europe, the Breitenbach stream, which has been continuously investigated for more than 40 years (Illies, 1975 (Illies, , 1979 Zwick, 1992; Obach et al., 2001 ), more than 1000 invertebrate animal species have been recorded, but still many more might occur. A typical community might overall have some tens to hundreds of thousands of species, ranging from microorganisms to vertebrates. Where even just potential paired biological interactions among these are considered, the possible number is enormous. There is also a natural turnover in the list of species, brought about by immigration and local extinction. The species list is never but the majority not very far. Crawling invertebrates, such
range following a glaciation that ended 10 000 years ago (Reynoldson, 1983) . A gap of only a few hundred metres of riparian forest bats or birds, despite their aerial dexterity.
Naturalists delight in the nuances of local biodiversity, knowing that a particular species may be found here but (Oertli et al., 2002; Downing et al., 2006) .
Large bodies of water are not more important than small, where either collective area or species richness is concerned.
Measurement of biodiversity
The issue then arose of how to measure biodiversity.
Typically, biodiversity studies concentrate on one group of organisms: in fresh waters, usually plants, phytoplankton, rarely consider the less well-known groups, among them the bacteria, actinomycetes, microfungi, nematodes, harpacticoids, ciliates, benthic algae, and the parasites that are probably much more diverse than the free-living organisms (Torsvik et al., 2002; Balian et al., 2008) . It is groups, that a habitat rich in birds will be rich in ciliates and vice-versa. Where several groups have been studied together, sometimes this is the case (for example, in small farmland ponds, Declerck et al., unpublished manuscript) , and where it is, the reasons for a particular diversity may 2003; Rodrigues & Brooks, 2007) .
A given habitat will also show seasonal changes and may also vary naturally from year to year, sometimes very strikingly in the Mediterranean region (Bonis et al., 1995; Gafny & Gasith, 1999) . Shallow lakes, for example, may switch from a diverse plant-dominated community to a less diverse algal dominated system, with less structure, as a result of human pressures, but they may also do this from (Uhlmann, 1980) or water level (van Geest et al., 2005; Beklioglu et al., 2006; Valdovinos et al., 2007) Counting species is thus not as simple as it sounds.
One possible resolution of these issues, therefore, is not to consider species or even genera or families of organisms at all but to think in terms of functional diversity (Wilson, 2003; Hooper et al., 2005 (Janzen, 1985; Kawecki & Ebert, 2004; Wilkinson, 2004) .
environmental circumstances, maintaining itself and resistance to change, and of resilience when change ability to substitute previously minority species (those waiting in the wings in the theatrical analogy) in response to change (Carpenter et al., 1995 Amezaga et al., 2002; Naiman et al., 2002; Knight et al., 2005; Fukui et al., 2006; Klaassen & Nolet, 2007) .
Operational diversity would be best expressed in terms of processes (photosynthesis, respiration, carbon storage, nutrient turnover, turnover rates of species, comprehensive and comparable data on these to know Paradoxically we therefore have to fall back on a surrogate of broadly operational but taxonomic groups (Murphy et al., 1994) , coupled with our experience of working with a variety of systems operating with high, if not pristine, information on many groups, we decided in this exercise to think in terms of plankton, aquatic plants, benthic macroinoperational groups in three regions. Climate change is not band of possible temperatures predicted for the future century, from perhaps at least a 2 °C increase to maybe 6°C or more, especially in the Arctic. We decided that we along this gradient but could indicate general trends.
Climate change and biodiversity in Europe
Freshwater Reviews ( Then there is a well-established link between nutrient communities (Stevens et al., 2004; Crawley et al., 2005) but also a feature of fresh waters (Dodson et al., 2000; James et al., 2005) . Habitats with modest nutrient supplies, above some minimal threshold below which the habitat is so nutrient poor that it is extreme, are associated with high diversity. Conversely, nutrient-enriched conditions favour vigorous, competitive species that exclude smaller, more specialist and less aggressive ones and result in leads to a mosaic of sub-habitats that preserve patches high local diversity (Bonis et al., 1995; Frisch et al., 2006a) .
No disturbance may lead to the relative uniformity of climax communities, but there is never a complete lack of some sort of disturbance. However, at a regional scale, lack of severe disturbance leads to speciation over long periods, and increasing diversity. In a predictable, develop mechanisms to avoid competition with each other. With time since a major disturbance, such as a glaciation, biodiversity thus increases steadily, tending to, but never quite reaching, a plateau where natural extinction rates are only a fraction smaller than speciation rates ( Fig. 3 ). In the Mediterranean region this process has of high evapotranspiration may give low local diversity. result of isolation (Cosswig, 1955; Pauls et al., 2006 (Lodge, 1993; Lodge et al., 1998; Dukes & Mooney, 1999; Sala et al., 2000) . Introduction of one species generally brings in many intended species. Future agriculture and aquaculture, demanding higher production to compensate for loss of farmland in lower latitudes, might also make greater similar risks to those that come from introduced species. 
Scenarios
Bearing all these things in mind, we have condensed Climate change will worsen this situation by further increasing water temperatures and associated features. It will contribute to a general upstream movement of river zones, particularly obliterating species bound to small streams and springs, which cannot move further upstream.
cool-or cold-adapted, and we may expect their loss with the system is large enough and still not dammed from its lowland reaches to prevent movement. Changes in hydrology that lead to reduced summer rainfall may promote further damming for water supply and storage and further disruption. Extreme rainfall events, which are 
Depositional rivers
courses of rivers have already been seriously damaged by human activities (Postel et al., 1996) so that almost no in Europe. They develop naturally where the catchment has reached a size that the amount of water entering at occur in winter and spring will spill onto a wider channel, on the size of the river and its catchment, and therefore its outer reaches may be dry in some years, giving the rather than the reality of a sometimes-dry river bed. At have led to greater rates of passage of water downstream in the reaches closer to the sea. Once there has been a mosaic of terrestrial and aquatic habitats, has been lost.
The channel itself will continue to act as a habitat for aquatic organisms. Many large rivers were, however, so severely polluted in the 20th century that there was almost the complete disappearance of organisms other do not at all resemble the original state (Gherardi, 2007) .
We do not expect a great deal of further decline in biodiversity that will be consequent on warming of zones. They have already been comprehensively wrecked.
might bring changes to the community of migratory birds (Sutherland, 1998) and to the dominant swamp plants.
Egrets, formerly only occasional in the UK, are now becoming common (Combridge & Parr, 1992) as temperatures rise, stilts arrive in the UK from the Mediterranean in warm years (Figuerola, 2007) . Warming will reduce oxygen concentrations in the backwaters and swamps, but swamp able to cope with this have developed, usually by adopting some form of air rather than gill breathing. The expected rise in temperature will only modestly change this situation.
What may be a far more prominent consequence, however, is the expected change in hydrology and the frequency of extreme events (Michener et al., 1997 increase, permafrost melts and these features will be progressively lost in a more amorphous swampy landscape, possibly lacking the isolated small bodies of water that short distances (Hobaek & Weider, 1999) . Roads and and mosquitoes will increase and existing economic activities in these regions may have to be abandoned.
Shallow lakes
Shallow lakes, in the sense used here, are those where the predominant primary production comes from algal and rather than from the phytoplankton (Moss et al., 1996; Lachavanne & Juge, 1997) . In practice this means lakes with a mean depth less than about 3 m. In their pristine state, such lakes are rich in biodiversity, except sometimes in highly peaty regions where the water is stained deep brown and light penetration is impeded. Otherwise, a community of perhaps 10-30 submerged macrophyte species (James et al., 2005 ) supports a diverse periphyton community is also present, but dominance by individual phytoplankton species is avoided through grazing by the within the plant beds. The water remains clear as a result, in the pristine state, with a catchment covered by natural vegetation, nutrient inputs will be low. In ponds, which also some small ponds will also support a diverse community of unusual invertebrates capable of aestivating under such conditions (Jakob et al., 2003) . Mediterranean shallow lakes that dry out in summer may be individually less diverse than those in central Europe for they are strongly limited by changes in salinity (Green et al., 2002a Frisch et al., 2006a,b; Beklioglu & Tan, 2008) but support a specialist fauna derived from a high regional diversity well adapted to that (Giudicelli & Thierry, 1998; Bazzanti et al., 1996; Boix et al., 2001 ). Permanent Mediterranean lakes will be very intolerant Cladocera, leading to reduced zooplankton grazing and higher phytoplankton densities. Natural changes in water level lead to the presence of extensive plant beds in Lake Kinneret in Israel in some (low water) years and complete absence when levels are higher (Gafny & Gasith, 1999) .
Human activities have frequently switched these systems to a turbid state lacking plants and with reduced et al., 2005), although the process can also occur naturally 1980) or weather-induced changes in water level (Blindow et al., 1993) . A combination of increased nutrient loading herbicides, introduction of exotic grazing birds such as 2003)) or those that disrupt the mechanisms that maintain the water clarity (for example, toxicity to zooplankton through pesticide residues, increased salinity or heavy metals) is responsible. There has been considerable systems because of their conservation and biodiversity importance (Moss et al., 1996; Jeppesen et al., 1999 Jeppesen et al., , 2005 . to reduce phosphorus loads (Cooke et al., 2005 (Cooke et al., ), remove et al., 1998 Mehner et al., 2002) and limit ingress of toxic pollutants. Mitigation against warming can only mean a local food or biomass production, a spread of exotic species that inevitably have been brought in from the warmer regions and which will therefore thrive, and misguided stocks demanded by the more competitive of anglers.
Lakes have the problem (and sometimes advantage)
insects will readily colonise a new lake, migration of species from the south to replace those that do not survive warming will be impeded by isolation (Reist et al., 2006) .
Individual populations may become extinct in any case if migration is too limited and the residual populations lack genes that would allow them to adjust to climate change.
Nonetheless, birds are major vectors of both invertebrates and plants (Green et al., 2002b; Green & Figuerola, 2005; Frisch et al., 2007) and migratory birds may become very important in restocking biota depleted by warming.
where major barriers of mountain or sea intervene.
The prognosis for the distal islands of Europe such as
Iceland, the Faeroes, Ireland and the United Kingdom, is especially bad. Pressures to introduce species deliberately will be greater than on the mainland and since there is a high chance of other species (associated algae and plant introductions, there is a risk that although biodiversity might be maintained in terms of species richness, there will be major problems in the structure of the communities exacerbate the loss of submerged plant communities. We approach changes in biodiversity in the is impossible. All that we can be certain of is that almost all of our habitats are severely damaged already and that warming is likely to worsen their quality in many ways. (Tilman et al., 1996; Hooper et al., 2005) , with much built-in substitution (spare parts) to cope understanding of earth-systems-science states that our existence on this planet depends on the continued functioning of natural systems that regulate atmospheric and oceanic composition, we must be very concerned that these systems are being damaged so extensively. There are political hopes that climate change can be mitigated Our fears as professional ecologists, however, are that political institutions have isolated themselves so much from knowledge of the fundamental driving engines of the biosphere that they leave us with an increasingly defunct vehicle. Yet there remain skilled mechanics in advice than those to whom policy-makers currently turn. becoming intensely saline as they do so with restriction, then loss of the biota. species. Eutrophication symptoms will increase (particularly cyanobacterial blooms) in those that persist.
Nutrient management and greater restriction on use of water for irrigation will help, as will full enaction of Water Framework Directive to restore systems to good ecological quality. Problems need to be tackled at source (i.e. severe restriction of greenhouse gas emissions).
Mediterranean deep lakes
There are few of these and most are severe eutrophication, except in the uplands.
drawdown. More intense and frequent algal blooms as temperatures rise.
restrictions on irrigation and urban development. Problems need to be tackled at source (i.e. severe restriction of greenhouse gas emissions). 
